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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
One problem in wheelset axles are the failures due to th propagati n of fatigue crack . To a oid those failures with sometimes
catastrophic consequences analytical crack propagation simulations are used. For these simulations the knowledge of the crack
propagation path and the corresponding stress intensity factor (SIF) is required. To calculate the SIF a numerical simulation,
such as finite element method (FEM), is generally needed. To this end numerical simulations for shouldered solid shafts with
elliptical surface cracks are done. In this work different influencing factors of the stress intensity factor expressions have been
identified. Therefore, two different specimen types with three different stress concentration factors each were designed. The results
represent an overview for the interaction of stress concentration factor, crack depth, crack aspect ratio, bending and press-fit load
in shouldered solid shafts. To represent the rotation, different characteristic angular positions for one selected characteristic crack
geometry have been considered.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
In order to prevent damage cases of wheelset axles regular inspections with non-destructive testing methods are
performed. The definition of appropriate inspection intervals is possible using a reliable computed remaining lifetime
prediction. In contrast t the crack propagation models of thin sheet metal structures from the aerospace industry the
models for calculating the remaining lifetime of thick-walled shaft structures are still under research.
For an efficient calculation of the remaining lifetime of cracked structures an analytical crack propagation simula-
tion is normally used (Sander et al. (2010); Zerbst et al. (2011); Beretta et al. (2004)). This requires the knowledge
of the crack propagation path and the corresponding stress intensity factor (SIF). Numerical simulation, such as finite
element method (FEM), is generally used to calculate the stress intensity factor solution. For complicated structures,
as they occur for example in axles, the SIF solution has been studied for various load situations by different authors,
for example Lebahn and Sander (2010), Madia et al. (2008, 2011) and Beretta et al. (2006). However, the SIF solutions
are bounded to the respective axles and thus not mutually comparable.
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To generate comparable SIF solutions the design of two shouldered solid specimen types are only varied in the
transition radius, which produce three different stress concentration factors each. The values for the various diame-
ters, e.g. for the shaft and the seat, are similar in every specimen type. In this case the pure influence of the stress
concentration factors, crack depth, crack aspect ratio, bending and press-fit load in shouldered solid shafts can be
examined.
The main load for a wheelset axle is rotating bending, which produces cyclic stresses. At each revolution of the axle
alternating tensile and compressive stresses occur, which is the main reason for crack propagation during operation.
The knowledge of stress intensity factor expressions allows studying the cyclic behaviour of cracked shafts and can
be used to analyse the crack propagation. To this end, 3D Finite Element simulations of shouldered solid shafts with
elliptical surface cracks subjected to bending and press-fit load have been performed.
However, during the rotation of a cracked specimen, the crack passes from an open state to a close state with
a transition in which a partial opening or closing of the crack is produced. The alternate closing and opening of
an surface crack is described as crack breathing in the literature. Rubio et al. (2015) studied the influence of crack
depth and crack geometry on the crack breathing for a rotating solid shaft under bending load. Furthermore, the
crack breathing model is well studied in the literature, for example by Jun O. S. and Eun H. J. (1992); Keiner and
Gadala (2002); Darpe et al. (2004); Sinou and Lees (2005); Patel and Darpe (2008); Bachschmid et al. (2008); Al-
Shudeifat and Butcher (2011). In contrast, the influence of the stress concentration factor is to be tested at different
rotation angels for the stress intensity factor solution along the crack front. In addition, the influence of a press-fit
while varying the rotation angle is examined. To represent the rotation, different characteristic angular positions have
been considered. The simulation of the rotation was carried out for one selected characteristic crack geometry. The
influence of stress concentration factor and interference fit on the stress intensity factor at different angular positions
was considered as well.
2. Numerical simulation of a non rotating shaft
Notches like transition radius’s or press-fits are the reason for nonlinear stress distributions and affect the SIF
solution. The design of the specimens, Figure 1, especially of the transition radius’s and the different diameters (d and
D) of the shaft, was carried out with respect to the standard for design methods of railway applications. The aim was
to design solid shaft specimen types with three stress concentration factors each. The stress concentration factor is
calculated by
αK =
σ
σN
with σN =
32 · Mb
pi · d3 (1)
where σ is the maximum principal stress in the transition radius, Mb is the applied bending moment on the specimen
and σN is the maximum principal stress in the minimal diameter section of the respective specimen with the diameter
d, Figure 1.
To estimate the influence of the stress concentration factor on the SIF solution only the transition radius will be
varied. For each notch geometry the SIF solutions are determined along the crack front of an elliptical surface crack
under bending depending on the stress concentration factor of the transition, crack depth and crack aspect ratio in
linear elastic material, Table 1. In this way the pure influence of the stress concentration factor of the transition radius
on the SIF solution can be demonstrated.
To evaluate the importance of the press-fit on the SIF solution another specimen type was designed with a seat,
Figure 1. For an estimation of the pure influence of the press-fit, the preassigned transition radius’s, crack depths and
a/c-ratios were unchanged. Simply the interference fit of the press-fit was varied. These analyses were carried out
for bending, for three different interference fits and for the combination of these loads, Table 1. The results represent
an overview for the interaction of stress concentration factor, crack depth, crack aspect ratio, bending and press-fit in
solid shafts.
The observed crack geometry cases of the numerical SIF calculations are summarized for the investigated shoul-
dered solid shafts in Table 1. This results in a total amount of 72 calculation variants for the structure detail of the
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Fig. 1: Example for design details of a wheelset axsle
transition radius and 288 of the structural details of the press-fit. For all the studied cases the crack plane is the hot
spot stressed cross section of the shaft.
Table 1: Calculated shaft and crack geometry cases
Design detail Loadcase stress concentration factor αK crack depth a/c
transition radius bending
1.315
0.3 / 0.5 / 1,0
2.0 / 5.0 / 8.0
0.5 / 0.6
0.8 / 1.0
1.178
1.101
press-fit bending / press-fit load∗
1.369
1.212
1.131
∗...with three different interference fits ζ = 0.02; 0.03 and 0.04
2.1. Numerical model
The discretization of the solid shaft and the press ring is done with isoparametric, hexagonal 8-node elements with
linear regression functions. All analysed models have homogeneous isotropic material properties of high strength steel
with a Poisson’s ratio of ν = 0.3 and a Young’s modulus of E = 210′000 MPa.
The press-fit load is applied due to a press ring with an interference fit of ζ = 0.02; 0.03 and 0.04 relative to the
diameter of the shaft. To define the contact between the shaft seat and the press ring the Coulomb friction with a
friction coefficient of µ = 0.6 has been applied according to Madia et al. (2008, 2011). The FE-models for one of the
transition radius models and one of the press-fit models are visualized in Figure 2.
The modelling of the crack was done by adding a local crack model into the global shaft model, Figure 2. To
prevent an relative movement between the surfaces of the shaft model and the local crack model a glued contact was
defined.
The SIF along the crack front was obtained by the Modified Virtual Crack Closure Integral (MVCCI)-method,
which is implemented in the used FE-software Marc/Mentat. The results of the MVCCI method are energy release
rates G and lead to the SIF solution along the crack front. By using the MVCCI method some requirements for the
mesh generation of the crack front area are necessary. It is required that the elements ahead and behind the crack front
have the same size and are oriented perpendicular to the crack front. Mu¨ller et al. (2011) did convergence studies on
semi-elliptical surface cracks in shaft structures and specified an threshold value for the crack front element length
with one twentieth of the crack depth (a/20). The expansion of the global shaft model by a local crack model in
compliance with the above requirements for the crack front is automated by a script developed by Mu¨ller et al. (2011).
This script generates first of all a 2D elements of the crack model. After deleting the elements for the required space
of the crack model in the global shaft model, the 2D model was expanded in shaft direction. The crack is modelled by
duplicate nodes on the crack flank. Figure 2 shows examples for the used numerical shaft models and crack models.
Furthermore, Figure 2 shows the stress curve for a pure bending load and a pure press-fit load in the crack plane cross
section of the shaft.
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To generate comparable SIF solutions the design of two shouldered solid specimen types are only varied in the
transition radius, which produce three different stress concentration factors each. The values for the various diame-
ters, e.g. for the shaft and the seat, are similar in every specimen type. In this case the pure influence of the stress
concentration factors, crack depth, crack aspect ratio, bending and press-fit load in shouldered solid shafts can be
examined.
The main load for a wheelset axle is rotating bending, which produces cyclic stresses. At each revolution of the axle
alternating tensile and compressive stresses occur, which is the main reason for crack propagation during operation.
The knowledge of stress intensity factor expressions allows studying the cyclic behaviour of cracked shafts and can
be used to analyse the crack propagation. To this end, 3D Finite Element simulations of shouldered solid shafts with
elliptical surface cracks subjected to bending and press-fit load have been performed.
However, during the rotation of a cracked specimen, the crack passes from an open state to a close state with
a transition in which a partial opening or closing of the crack is produced. The alternate closing and opening of
an surface crack is described as crack breathing in the literature. Rubio et al. (2015) studied the influence of crack
depth and crack geometry on the crack breathing for a rotating solid shaft under bending load. Furthermore, the
crack breathing model is well studied in the literature, for example by Jun O. S. and Eun H. J. (1992); Keiner and
Gadala (2002); Darpe et al. (2004); Sinou and Lees (2005); Patel and Darpe (2008); Bachschmid et al. (2008); Al-
Shudeifat and Butcher (2011). In contrast, the influence of the stress concentration factor is to be tested at different
rotation angels for the stress intensity factor solution along the crack front. In addition, the influence of a press-fit
while varying the rotation angle is examined. To represent the rotation, different characteristic angular positions have
been considered. The simulation of the rotation was carried out for one selected characteristic crack geometry. The
influence of stress concentration factor and interference fit on the stress intensity factor at different angular positions
was considered as well.
2. Numerical simulation of a non rotating shaft
Notches like transition radius’s or press-fits are the reason for nonlinear stress distributions and affect the SIF
solution. The design of the specimens, Figure 1, especially of the transition radius’s and the different diameters (d and
D) of the shaft, was carried out with respect to the standard for design methods of railway applications. The aim was
to design solid shaft specimen types with three stress concentration factors each. The stress concentration factor is
calculated by
αK =
σ
σN
with σN =
32 · Mb
pi · d3 (1)
where σ is the maximum principal stress in the transition radius, Mb is the applied bending moment on the specimen
and σN is the maximum principal stress in the minimal diameter section of the respective specimen with the diameter
d, Figure 1.
To estimate the influence of the stress concentration factor on the SIF solution only the transition radius will be
varied. For each notch geometry the SIF solutions are determined along the crack front of an elliptical surface crack
under bending depending on the stress concentration factor of the transition, crack depth and crack aspect ratio in
linear elastic material, Table 1. In this way the pure influence of the stress concentration factor of the transition radius
on the SIF solution can be demonstrated.
To evaluate the importance of the press-fit on the SIF solution another specimen type was designed with a seat,
Figure 1. For an estimation of the pure influence of the press-fit, the preassigned transition radius’s, crack depths and
a/c-ratios were unchanged. Simply the interference fit of the press-fit was varied. These analyses were carried out
for bending, for three different interference fits and for the combination of these loads, Table 1. The results represent
an overview for the interaction of stress concentration factor, crack depth, crack aspect ratio, bending and press-fit in
solid shafts.
The observed crack geometry cases of the numerical SIF calculations are summarized for the investigated shoul-
dered solid shafts in Table 1. This results in a total amount of 72 calculation variants for the structure detail of the
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Fig. 2: Numerical model of the (a) transition radius and of the (b) press-fit
2.2. Stress Intensity Factor calculation
Stress intensity factors for all semi-elliptical surface crack geometries were calculated from the energy release rates
G, which was calculated numerically by the MVCCI-method. Therewith, the SIFs were determined from
K2 = G · E
1 − ν2 with K = σN ·
√
pi · a · Y (2)
by assuming a plain-strain condition. Herein Y is the geometry function (respectively the non-dimensional SIF) andσN
the maximum principal stress in the minimal diameter section of the respective specimen with the diameter d, Equation
1. For the position A of the crack front the calculated energy release rate can directly used for SIF determination. At
position B of the crack front the well known surface influence was bypassed by an extrapolation with an quadratic
regression function validated by Lebahn et al. (2013). To estimate the non-dimensional SIF Y , the SIF K was scaled
to the maximum principal stress σN in the minimal cross section with the diameter d of the uncracked shaft.
2.3. Stress Intensity Factor results
To review the influence of the stress concentration factor and the a/c-ratio on the geometry function, the results for
all three stress concentration factors and the aspect ratios of 0.5 and 0.8 are shown in Figure 3 for the position A and
B on the crack front.
For the position A of the semi-elliptical crack front the geometry function curve is U-shaped. It can be noted that
at the crack position A with an increasing stress concentration factor the geometry function increases. Furthermore,
the influence of the stress concentration factor in regions of small crack depth is larger and reduced with an increase
of the a/D-ratio. Especially between the stress concentration factors 1.178 and 1.101 is this effect visible. From an
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Fig. 3: Influence of the stress concentration factor αK and the aspect ratio on the geometry functions for the crack front points A and B; design
detail - transition radius, Loadcase - bending
a/D-ratio of 0.1 the difference in the geometry function is smaller than at a/D < 0.1. On the contrary by an increase
of the a/c-ratio the curves of the geometry function shift to smaller values.
For the position B of the semi-elliptical crack front with an increasing a/D-ratio the geometry function increases.
The effect of the stress concentration factor is almost similar to the crack front point A. With an increasing stress
concentration factor the geometry function increases. In regions of small a/D-ratios the influence of the stress con-
centration factor is larger and reduced with increasing crack depth. At the crack front point B the difference in the
geometry function between the two stress concentration factors 1.178 and 1.101 disappear at an a/D-ratio of about
0.25. Contrary to point A the curves of the geometry function shift to higher values with greater a/c-ratios.
The influence of the stress concentration factor and the aspect ratio on the geometry function was demonstrated by
the example of the structural details of the transition radius of a wheelset. Hereinafter, the influence of the press-fit
load is to be examined on the geometry function. The position of the crack plane is unchanged for the respective
transition radius.
The influence of the press-fit load on the geometry function at position A and B of the semi-elliptical crack front is
visualized in Figure 4 for an exemplary a/c-ratio of 0.8 and a stress concentration factor of αK = 1.212. The geometry
function is scaled for every loadcase to the maximum principal stressσN in the minimal cross section with the diameter
d of the uncracked shaft at pure bending. The geometry functions of the other a/c-ratios extend qualitatively similar
and are not considered further here.
In Figure 2 the stress curve for a pure bending load and a pure press-fit load in the crack plane cross section of the
shaft is shown. For small crack depths the tensile stresses are superimposed of the bending load and the press-fit load.
This is the reason why at crack front point A the press-fit load shifts the geometry function at coexistent bending load
to higher values, than at pure bending load. With increasing crack depths the tensile stresses due to the press-fit load
decrease. This is why the geometry function of a bending-press-fit load decreases with increasing crack depth for the
crack front point A. At an a/D-ratio of about 0.2 the geometry functions of a pure bending load and a bending-press-
fit load has all the same values, just because the tensile stresses due to press-fit has a zero transition and shift at this
crack depth to compressive stresses. So at this a/D-ratio only the bending load causes stresses at the crack front point
A. With increasing crack depths the compressive stress caused by the press-fit increase. This results in an decreasing
geometry function with increasing a/D-ratios. A higher press-fit load leads to an lower geometry function at higher
crack depths. The extreme case represents the pure press-fit load. At small crack depth the tensile stress caused by the
press-fit results in a fully crack opening. With increasing crack depth the geometry function decreases until the crack
is partially closed, because of the present compressive stresses.
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Fig. 2: Numerical model of the (a) transition radius and of the (b) press-fit
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by assuming a plain-strain condition. Herein Y is the geometry function (respectively the non-dimensional SIF) andσN
the maximum principal stress in the minimal diameter section of the respective specimen with the diameter d, Equation
1. For the position A of the crack front the calculated energy release rate can directly used for SIF determination. At
position B of the crack front the well known surface influence was bypassed by an extrapolation with an quadratic
regression function validated by Lebahn et al. (2013). To estimate the non-dimensional SIF Y , the SIF K was scaled
to the maximum principal stress σN in the minimal cross section with the diameter d of the uncracked shaft.
2.3. Stress Intensity Factor results
To review the influence of the stress concentration factor and the a/c-ratio on the geometry function, the results for
all three stress concentration factors and the aspect ratios of 0.5 and 0.8 are shown in Figure 3 for the position A and
B on the crack front.
For the position A of the semi-elliptical crack front the geometry function curve is U-shaped. It can be noted that
at the crack position A with an increasing stress concentration factor the geometry function increases. Furthermore,
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Fig. 4: Influence of the press-fit load on the geometry function for the crack front points A and B (αK = 1, 212; a/c = 0.8)
At the surface point B of the crack front the crack is for all crack depth open, also for a pure press-fit load. Because
of the tensile stresses caused by the press-fit load at the surface of the shaft, the highest geometry function occur for
every a/D-ratio at a bending-press-fit load. So by an superimposed bending and press-fit load it depends on the value
of the bending load if the crack is partially opened or closed.
3. Numerical simulation of a rotating shaft
In the rotation of a wheelset axle the crack oscillate between different situations. For each revolution of a shaft
with a surface crack, the crack grows through states where it is fully opened, closed and partially opened or closed,
depending on the rotation angle θ. The alternate closing and opening of a surface crack is described as crack breathing.
Hereinafter the influence of the stress concentration factor is to be tested at different rotation angels for the stress
intensity factor solution along the crack front. In addition, the influence of a press-fit while varying the rotation angle
is examined.
Analysed is an exemplary crack depth of a = 1 mm with an a/c-ratio of 0.8. For this the numerical half FE-models
in Figure 2 are expanded to full models to represent the rotation of the shaft. To enable the contact and prevent the
penetration of the two crack faces during the rotation a contact definition was done. The type of friction between the
two crack sides is specified with Coulomb friction with a friction coefficient of µ = 0.6. All analysed models have
homogeneous isotropic material properties of a high strength steel with a Poisson’s ratio of ν = 0.3 and a Young’s
modulus of E = 210′000 MPa. To simulate the rotation of the shaft different angular positions will be considered.
Figure 5 shows the definition of the rotation angle θ. The SIF calculation was carried out for every node along the
crack front with the described method in chapter 2.2. The calculated geometry functions are plotted versus the relative
crack position γ, Figure 5.
The relation between rotation angle and stress concentration factor is shown in Figure 6. It is noticeable, that the
influence of the stress concentration factor on the geometry function decreases with an increasing rotation angle. From
a rotation angle of θ = 90◦ there is no stress concentration factor influence on the geometry function visible. Rubio
et al. (2015) shows in his study that the rotation angle in which the first partial crack closure occurs depends on the
crack depth and the geometry of the crack. For the present crack geometry the crack is completely closed at a rotation
angle of about 125◦, Figure 6.
The relation between the rotation angle of the shaft and the press-fit load is exemplary shown for a stress con-
centration factor of αK = 1.212 in Figure 7. For this crack geometry at every rotation angle θ > 125◦ the geometry
function for a bending-press-fit load is higher than for a pure bending load. With an increasing press-fit load the ge-
ometry function is increased. For every loadcase the geometry function decreases with an increasing rotation angle.
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Fig. 5: Definition of rotation angle θ and relative crack front position γ
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Fig. 6: Correlation between stress concentration factor αK and rotation angle θ, Loadcase: bending
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Fig. 7: Correlation between rotation angle θ and press-fit load
The exception is the pure press-fit load. In this load case for every rotation angle the geometry function has the same
trend along the crack front. This means that the press-fit load is independent from the rotation angle. For a rotation
angle of θ = 90◦ partially crack closing occurs at a pure bending load. If the pure bending load is superimposed with
a press-fit load, the tensile stresses in a surface near area opens the crack. However, this prediction is only valid for
the calculated crack geometry. At higher crack depth this statement has to be analysed.
6 R. Hannemann et al. / Structural Integrity Procedia 00 (2016) 000–000
0 0.1 0.2 0.3 0.4 0.5
0
0.2
0.4
0.6
0.8
1
1.2
a/D
Y
bending
bending + press-fit (ζ=0.02)
bending + press-fit (ζ=0.04)
press-fit (ζ=0.04)
0 0.1 0.2 0.3 0.4 0.5
0
0.2
0.4
0.6
0.8
1
1.2
a/D
Y
bending
bending + press-fit (ζ=0.02)
bending + press-fit (ζ=0.04)
press-fit (ζ=0.04)
Fig. 4: Influence of the press-fit load on the geometry function for the crack front points A and B (αK = 1, 212; a/c = 0.8)
At the surface point B of the crack front the crack is for all crack depth open, also for a pure press-fit load. Because
of the tensile stresses caused by the press-fit load at the surface of the shaft, the highest geometry function occur for
every a/D-ratio at a bending-press-fit load. So by an superimposed bending and press-fit load it depends on the value
of the bending load if the crack is partially opened or closed.
3. Numerical simulation of a rotating shaft
In the rotation of a wheelset axle the crack oscillate between different situations. For each revolution of a shaft
with a surface crack, the crack grows through states where it is fully opened, closed and partially opened or closed,
depending on the rotation angle θ. The alternate closing and opening of a surface crack is described as crack breathing.
Hereinafter the influence of the stress concentration factor is to be tested at different rotation angels for the stress
intensity factor solution along the crack front. In addition, the influence of a press-fit while varying the rotation angle
is examined.
Analysed is an exemplary crack depth of a = 1 mm with an a/c-ratio of 0.8. For this the numerical half FE-models
in Figure 2 are expanded to full models to represent the rotation of the shaft. To enable the contact and prevent the
penetration of the two crack faces during the rotation a contact definition was done. The type of friction between the
two crack sides is specified with Coulomb friction with a friction coefficient of µ = 0.6. All analysed models have
homogeneous isotropic material properties of a high strength steel with a Poisson’s ratio of ν = 0.3 and a Young’s
modulus of E = 210′000 MPa. To simulate the rotation of the shaft different angular positions will be considered.
Figure 5 shows the definition of the rotation angle θ. The SIF calculation was carried out for every node along the
crack front with the described method in chapter 2.2. The calculated geometry functions are plotted versus the relative
crack position γ, Figure 5.
The relation between rotation angle and stress concentration factor is shown in Figure 6. It is noticeable, that the
influence of the stress concentration factor on the geometry function decreases with an increasing rotation angle. From
a rotation angle of θ = 90◦ there is no stress concentration factor influence on the geometry function visible. Rubio
et al. (2015) shows in his study that the rotation angle in which the first partial crack closure occurs depends on the
crack depth and the geometry of the crack. For the present crack geometry the crack is completely closed at a rotation
angle of about 125◦, Figure 6.
The relation between the rotation angle of the shaft and the press-fit load is exemplary shown for a stress con-
centration factor of αK = 1.212 in Figure 7. For this crack geometry at every rotation angle θ > 125◦ the geometry
function for a bending-press-fit load is higher than for a pure bending load. With an increasing press-fit load the ge-
ometry function is increased. For every loadcase the geometry function decreases with an increasing rotation angle.
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4. Conclusion
In this work, an extensive study of different influences on the SIF of two points of the crack front of a semi-elliptical
surface crack in a shouldered solid shaft has been performed. The influence of the stress concentration factor, bending
load and press-fit load for different crack geometries on the SIF solution was examined. The calculation of the SIF
solution was done by the MVCCI-method. It has been shown that the crack geometry, the design of the transition
radius (different stress concentration factors) and the load case has a major effect on the SIF solution. Especially the
press-fit load has a great influence on the SIF solution depending on the value of the bending load. Furthermore, the
influence of the stress concentration factor and the load situation on the effect of crack breathing in a rotating shaft
was studied for one crack geometry. This analysis shows, that the press-fit load is dominant in higher regions of the
rotating angle of the shaft and is crucial for the SIF solution. Additional investigations with various crack geometries
will be performed to analyse this effect.
The obtained numerical results will be used for analytical crack propagation calculation. The results of the analyt-
ical concepts will be validated with experimental results of rotating bending fatigue tests.
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